Patients with systemic lupus erythematosus (SLE) have an increased expression of type I interferon (IFN) regulated genes because of a continuous production of IFN-α. The cellular and molecular background to this IFN-α production has started to be elucidated during the last years, as well as the consequences for the innate and adaptive immune systems. Plasmacytoid dendritic cells (pDC) activated by immune complexes containing nucleic acids secrete type I IFN in SLE. Type I IFN causes differentiation of monocytes to myeloid-derived dendritic cell (mDC) and activation of autoreactive T and B cells. A new therapeutic option in patients with SLE is, therefore, inhibition of IFN-α, and recent data from a phase I clinical trial suggests that administration of neutralizing monoclonal antibodies against anti-IFN-α can ameliorate disease activity. Lupus (2008) 17, 394-399.
Introduction
The innate immune system acts as the first line of defence against invading micro-organisms, but it also has important functions in the regulation of the adaptive immune response. A key role of the innate immune system in the etiopathogenesis of systemic lupus erythematosus (SLE) has been emphasised during the last few years, because of the observation that a majority of patients with SLE display an ongoing production of type I interferons (IFNs) with an increased expression of type I IFN-regulated genes (an IFN signature).
Type I IFNs are normally produced by plasmacytoid dendritic cells (pDC) in response to viral infections, but in SLE, these cells are also induced to synthesize IFN via Toll-like receptor (TLR) ligation by endogenous derived nucleic acids. Type I IFN contributes to loss of tolerance and activation of autoreactive T and B cells with production of autoantibodies. In this review, we will give a brief overview of the role of the type I IFN system and the dendritic cells (DC) in the etiopathogenesis of SLE. In addition, we will discuss recent data indicating that inhibition of type I IFN may have beneficial effects in SLE.
The type I interferon system
The type I IFN system comprises the molecular and cellular players involved in type I IFN production and their downstream effects. The type I IFNs consist of a large number of proteins, which are encoded by a family of 17 genes; 13 genes for the different IFN-α subtypes and single genes for IFN-β, IFN-ω, IFN-κ and IFN-ε. 1 Viral DNA or RNA are the typical activators of type I IFN production, and secreted IFNs act on the type I IFN receptor (IFNAR) on target cells and induce production of proteins that inhibit viral replication. Five of the ten human TLRs, namely TLR3, 4, 7, 8 and 9, mediate type I IFN gene transcription, and these receptors are expressed either on the cell surface (TLR4) or in the endosome (TLR3, 7, 8, 9) . 2 TLR3 is activated by double-stranded RNA (dsRNA), TLR7 and TLR8 by single-stranded RNA (ssRNA) and TLR9 by unmethylated CpG-rich DNA. In addition, there are nucleic acid sensors in the cytosol that can mediate IFN production. These include the DNAbinding protein DNA-dependent activator of IFNregulatory factors (DAI) 3 and the two RNA helicases RIG-I and Mda5. 2 Activation of the TLRs or the cytosolic nucleic acid sensors lead to phosphorylation of several transcription factors, among which IFN regulatory factor (IRF) 3, IRF5 and IRF7 are most important.
Many different cell types produce type I IFN in small quantities in response to certain RNA viruses. On the contrary, the pDC, also termed the natural interferon-producing cell (NIPC), produces very large amounts of IFN-α in response to many different micro-organisms. 4 Upon activation, one single pDC can synthesize up to 10 9 IFN-α molecules in 12 h, which is partly because of the expression of TLR7 and TLR9, as well as IRF3, IRF5 and IRF7. 5 These cells represent less than 1% of the peripheral blood mononuclear cells (PBMC) but are efficiently recruited to sites of inflammation, where they perform their many different functions.
Besides their antiviral properties, type I IFNs have profound immunomodulatory effects in the adaptive immune system. Thus, type I IFNs cause DC maturation and activation, with increased expression of major histocompatibility complex (MHC) class I and II molecules; chemokines and chemokine receptors; co-stimulatory molecules such as CD80, CD86; the B-lymphocyte stimulator (BLyS) and a proliferation-inducing ligand (APRIL). 6 This promotes development of helper T cells along the Th 1 pathway, but cytotoxic T cells are in addition stimulated by type I IFNs because of an increase in DC cross-presentation and inhibition of T-cell apoptosis. Type I IFNs promote B-cell activation, differentiation, antibody production and Ig isotype class switching. Furthermore, type I IFN stimulates the production of several cytokines by natural killer (NK) cells and monocytes/macrophages/DCs, such as IFN-γ, IL-6, IL-10 and IL-15. 6 Interestingly, type I IFNs also enhance the effects of IFN-γ and IL-6 and shift the effects of IL-10 from an anti-inflammatory to a more pro-inflammatory profile. Consequently, type I IFNs have many different effects on the immune system that could promote and sustain autoreactive immune responses.
The innate immune system and dendritic cells
The innate immune system, borne by cells such as granulocytes, NK cells, macrophages and proteins such as complement and cytokines, induces a variety of prompt reactions to infectious agents and other challenges. Dendritic cells (DCs) sit at the inter phase between innate and adaptive immune responses. They are a heterogeneous family of cells of haematopoietic origin specialized in capturing and processing antigens with the ultimate goal of presenting their peptides to lymphocytes and induce specific adaptive responses. DCs are found in all tissues including blood and lymphoid organs. 7 In peripheral tissues, DCs are found in an immature stage and are highly efficient at capturing antigens. In response to activation signals, they mature into antigen-presenting cells. In addition to presenting peptides to T cells in the context of MHC Class I and Class II molecules, DCs present glycolipids and glycopeptides to T cells and NKT cells, as well as polypeptides to B cells. DCs can secrete a diversified panel of chemokines that attract different cell types at different times of the immune response. They also express a unique set of co-stimulatory molecules that permit the activation of naive T cells and thus allow the launching of primary immune responses.
Through the cytokines they secrete (i.e., IL-12, IL-23 or IL-10) and the surface molecules they express (i.e., OX40-L or ICOS-l), DCs can polarize naive T cells into Th 1 , Th 2 , T reg , Th 17 , etc. 8 There are two main pathways of DC ontogeny from haematopoietic progenitor cells (HPCs). One pathway generates myeloid-derived DCs (mDCs), whereas another generates pDCs. Myeloid DCs are found in three compartments: 1) peripheral tissues, 2) secondary lymphoid organs and 3) blood. In the skin, two distinct types of mDCs are found in two distinct layers: Langerhans cells in the epidermis and interstitial DCs in the dermis. Plasmacytoid DCs circulate in the blood and migrate to secondary lymphoid organs by crossing high-endothelial venules. Blood myeloid DCs express TLR1, 2, 3, 5, 6, 8 and 10 but not TLR7 and 9. 9 DCs can be activated by many agents, including microbes, dying cells, cells of the innate immune system and cells of the adaptive immune system. Pathogen-associated molecular patterns from microbes 10 signal DCs through a variety of patternrecognition receptors including TLRs; 11 cell surface C-type lectins receptors and intracytoplasmic NODlike receptors. 12 Lysates of dying cells also induce the maturation of DCs, 13 and some components of dying cells enhance antigen presentation by DCs leading to T-cell immunity. 13, 14 These endogenous activating molecules are collectively called damage-associated molecular pattern molecules. 15 They include heat shock proteins, high-mobility group box 1 protein (HMGB1), β-defensin and uric acid. In the steady state, immature DCs also present self-antigens to lymphocytes in the absence of co-stimulation, thus, leading to peripheral tolerance. 16 Cytokines secreted during specific immune responses against invading pathogens might interfere with DCs homeostasis and induce responses that can be responsible for tissue pathology. Indeed, alterations of DCs homeostasis have been directly implicated in various human diseases, including cancer, allergy, infections and autoimmune diseases such as type I diabetes, multiple sclerosis and SLE. 8, 17 The type I IFN system in SLE Patients with SLE have increased serum levels of IFN-α, which correlate to both disease activity and severity. 18 In addition, several clinical manifestations, such as skin rash, fever and leucopenia, as well as several markers of immune activation correlate to serum IFN-α levels.
However, not all patients with SLE have measurable serum levels of IFN-α, but most patients, especially early in the disease process, display an IFN signature in PBMC. 19, 20 The frequency of pDC in blood is reduced in patients with SLE, but activated such cells can be found in tissues where they produce IFN-α. 21 The reason behind this activation of pDC is the propensity of immune complexes (IC) containing nucleic acid to trigger a type I IFN response in pDC. Such interferogenic ICs are internalised via the FcγRIIa expressed on pDC, reach the endosome and stimulate the relevant TLR with subsequent activation of transcription factors, which results in a massive IFN-α production. 22 This mechanism for induction of type I IFN production has been demonstrated in vitro for both DNA-and RNA-containing IC, 23 but RNA-containing ICs that trigger TLR7 seem to be especially potent as IFN-α inducers. 24 Recent data suggests that HMGB1/RAGE interaction is necessary for the TLR9-induced IFN-α production by DNAcontaining IC. 25 The role of the TLR-independent pathways for type I IFN production in SLE is currently unclear.
Genetic studies have reported an association between SLE and genes involved in both the production and the effects of the type I IFNs. Thus, there is an association between polymorphisms in the interferon regulatory factor 5 (IRF5) and tyrosine kinase 2 (TYK2) genes and susceptibility to develop SLE. 26 The transcription factor IRF5 is constitutively expressed in pDC and regulates type I IFN gene activation as outlined above, whereas the Janus kinase TYK2 binds to IFNAR and is required for signalling through this receptor. 27 Recently, a haplotype in the third intron of STAT4 that encodes a transcription factor that transmits signals by type I IFN was also associated to susceptibility to SLE. 28 Although these studies provide additional support for a fundamental role of the type I IFN system in SLE, it is important to note that the identified genes are involved in many different cellular functions that are critical in inflammation and immune regulation. 27, 29, 30 DC alterations in SLE and effects on adaptive immune cells SLE blood constitutes a DC-inducing environment because it promotes differentiation of healthy monocytes into mDCs. The DC-inducing property of SLE sera is mainly mediated through IFN-α. 31 Indeed, blood SLE monocytes display DC like functions as they capture antigens and autoantigens and present them to CD4 + and CD8 + T cells. Thus, type I IFNinduced unabated DC activation could promote the expansion of autoreactive T cells. SLE DCs are characterized by their unique in-vitro ability to promote the differentiation of CD8 + T-lymphocyte in cytotoxic T lymphocytes (CTLs) able to generate nucleosomes and granzyme B-dependent autoantigens. Interestingly, terminally differentiated effector CD8 + T-lymphocytes (CCR7 − , CD45RA + ) are expanded in the blood of patients with SLE, and this expansion correlates with disease activity. 32 These cells can induce direct tissue damage as they represent the main cell subset infiltrating the kidney in lupus nephritis, where they adopt a peri-glomerular localization. A direct correlation is found between the lupus nephritis activity score and the number of peri-glomerular infiltrating CD8 + T-lymphocytes.
Through their direct effect on B cells, type I IFNs enhance primary antibody responses to soluble proteins and induce the production of all subclasses of IgG in mice. 33 IFN-α upregulates CD38, a germinal centre B-cell and plasma cell marker, on B lymphocytes and BAFF (B cell-activating factor) on monocytes and mDCs. BAFF in turn contributes to the survival of autoreactive B lymphocytes. 34 In addition, IFN-α promotes the differentiation of activated B lymphocytes into plasmablasts. pDCs activated with viruses secrete IFN-α and IL-6, which permits plasmablasts to become antibody-secreting plasma cells. 35 The same effect is observed when pDCs are activated with SLE ICs containing nucleic acids that bind TLRs. 36, 37 This could contribute to amplify the production of type I IFN and subsequently the differentiation of autoreactive plasma cells that would further secrete autoantibodies, thus, perpetuating this pathogenic loop.
The etiopathogenesis of SLE
Alterations of the type I IFN system in SLE have been described more than 20 years ago. Furthermore, a plethora of literature describing the development of anti-nuclear antibodies, lupus symptoms and even full-blown SLE in humans treated with recombinant IFN-α is available. As reviewed above, type I IFNs induce and maintain the generation of mature DCs, which could tilt the fate of autoreactive Tlymphocytes that have escaped central tolerance from deletion to activation. Mature DCs activate cytotoxic CD8 + T cells that generate nucleosomes, which can be captured and presented by IFN-DCs. 32 Together with IL-6, IFN promotes the differentiation of mature B cells into plasma cells. Thus, the effects of type I IFN on DCs, B and T cells could explain the break down of tolerance to nuclear antigens, autoantibody secretion and IC formation characteristic of SLE. A critical event in the etiopathogenesis is the formation of ICs containing DNA or RNA because such ICs can activate 1) B cells through the coengagement of BCR and TLRs and 2) pDCs to secrete more IFN through the co-engagement of FcγR and TLRs. This results in an amplification of a pathogenic loop, where increased levels of autoantibodies are produced that generate more interferogenic ICs that sustain the type I IFN production (Figure 1) .
In murine models of SLE, excessive IFN production only induces disease in certain genetic backgrounds, and epistatic interactions among several genes may be necessary for the disease to occur. 38 Figure 1 Schematic view of the etiopathogenesis of SLE. Viral infections induce type I interferon (IFN) production by plasmacytoid dendritic cells (pDC) and the release of autoantigens, which in susceptible individuals can break tolerance and cause production of autoantibodies against DNA and/or RNA containing autoantigens. These autoantigens together with autoantibodies will form immune complexes that can act as endogenous IFN inducers, which cause a continuous IFN-α production. Type I IFN will induce maturation of monocytes (Mo) into dendritic cells (DC), and activate B cells. IFN-induced mDCs activate both CD4 and CD8 T cells. All these events can explain the development of an autoimmune reaction as described in the text. Autoreactive B cells are also directly activated by immune complexes, which further increase the autoantibody production and sustain the autoimmune process. T-cell receptor (TCR).
This might apply to humans as well. The recently described polymorphisms in IFN-related genes (see above) may predispose to SLE by increasing the ability of pDC to release type I IFN and pro-inflammatory cytokines upon activation and by enhancing B-cell responses to these cytokines. Patients with SLE may display other genetic defects leading to alterations in autoreactive B-cell checkpoints that might be independent from IFN and DCs. These defects allow the survival of autoreactive clones into the peripheral compartment, as it has been described in children with SLE. 39 Indeed, only a minor fraction of patients treated with IFN develop anti-nuclear/dsDNA antibodies, and even a smaller fraction develop SLE. Furthermore, healthy relatives of SLE patients often display antinuclear antibodies, but most of them do not develop SLE. IFN and/or IFN-DC might be necessary for the activation and differentiation of autoreactive clones into autoantibody-secreting plasma cells, which will then further contribute to the production of IFN through IC formation and pDC activation.
Therapeutic consequences
The emerging data indicating a causal relationship between SLE and activated type I IFN system suggest that downregulation of this system could be a therapeutic approach. This assumption is supported by the observation that two effective therapeutic agents in SLE, chloroquine and glucocorticoids, inhibit IFN-α production by NIPC/pDC 40 or downregulate the IFN signature. 19 In addition, type I IFNAR-knock-out experimental murine lupus models have a markedly reduced SLE disease. 41, 42 The prime therapeutic target in SLE may be IFN-α and neutralizing monoclonal antibodies (Mab) against anti-IFN-α are currently being tested. Recently, results from a phase I clinical trial using a single injection of an anti-IFN-α Mab in patients with SLE were reported. 43 There was a dosedependent inhibition of type I IFN-inducible genes in both peripheral blood and skin biopsies, as well a reduction in clinical disease activity. No safety problems appeared during this short-term study. A more profound inhibition of the type I IFN effects can be expected if IFNAR is blocked because this approach will prevent signalling by all type I IFNs. The pDC could also be directly targeted using human Mabs directed against specific markers such as BDCA-2 or BDCA-4 because ligation of these molecules inhibits IFN-α production. 44 Other possible therapeutic approaches include elimination of the DNA or RNA in endogenous IFN-α inducers. Several methods can be used to reduce the amount of endogenous IFN-α inducers. DNase treatment is one option, and this has been tried in SLE patients, with the rationale to eliminate pathogenic dsDNA/anti-dsDNA antibody ICs. However, no clear therapeutic effect was noted, but this could in theory be due to remaining RNAcontaining ICs that is perhaps more important for the induction of IFN-α in SLE in vivo. The action of interferogenic IC on pDC can be prevented by blockade of FcγRIIa by specific antibodies 37 or by inhibition of TLRs by oligodeoxyribonucleotide or oligoribonucleotide TLR antagonists. 45 Signalling molecules downstream the TLRs, such as MyD88, IRAK-1, IRAK-4, IRF-5 and IRF-7 or molecules used by the IFNAR, for instance Tyk2 or STAT4, also represent potential therapeutic targets. As some of these molecules have diverse functions in the immune system, their inhibition could have beneficial effects besides those directly linked to type I IFN.
As adequate type I IFN production is critical in the response to certain pathogens, especially viruses, inhibition of this system could potentially increase the risk of developing severe infections.
How this would compare to the risk associated to currently used therapies, such as high dose steroids and/or cytotoxic drugs, needs further evaluation.
